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SYNTHESIS AND CHARACTERIZATION OF TOUGH HYDROGELS: 
SALT INDUCED MICELLAR COPOLYMERIZATION OF ACRYLAMIDE 
AND DOCOCYL ACRYLATE 
SUMMARY 
Hydrogels are crosslinked hydrophilic polymers swollen with a large amount of 
water.  Such soft materials have attracted much attention due to their applications in 
numerous fields including food, pharmaceuticals, agriculture, chemical processing, 
and electronics.  However, hydrogels that are highly swollen in water are normally 
very brittle, which limits their application areas.  This feature of hydrogels originates 
from their very low resistance to crack propagation due to the lack of an efficient 
energy dissipation mechanism in the gel network.  To obtain a hydrogel with a high 
degree of toughness, one has to increase the overall viscoelastic dissipation along the 
gel sample by introducing dissipative mechanisms at the molecular level.  A number 
of techniques for toughening of gels have recently been proposed including the 
double network gels, topological gels, nanocomposite hydrogels, and cryogels. 
In this study, polyacrylamide hydrogels were prepared using hydrophobic 
associations acting as physical crosslinks instead of permanent crosslinks.  The main 
idea was to create mobile crosslink zones inside the gel network so that the crack 
energy is dissipated by the reversible disengagements of the hydrophobes from the 
hydrophobic associations.  Hydrophobically modified hydrogels were prepared via 
micellar copolymerization of acrylamide (AAm) and docosyl acrylate (C22) in an 
aqueous solution of sodium dodecyl sulfate (SDS).  Our preliminary experiments 
showed that the hydrophobic comonomer C22 having an alkyl chain of 22 carbon 
atoms cannot be copolymerized with AAm in micellar solutions.  This is due to the 
fact that the size of the spherical SDS micelles is not sufficiently large to provide 
solubilization of this large hydrophobe.  Since the addition of salt, e.g., NaCl into 
SDS solutions causes micellar growth and leads to the formation of rod-like micelles 
having a much larger solubilization capacity, the copolymerization reactions were 
conducted in the presence of NaCl of various concentrations.  Indeed, addition of 
NaCl provided solubilization of C22 in the reaction solution, its copolymerization 
with AAm monomer, and thus, incorporation of the hydrophobic comonomer in the 
form of blocks within the PAAm chains.  It was found that the hydrophobic 
associations between C22 blocks in the polymer chains acting as temporary 
crosslinking points lead to the formation of water-insoluble physical gels with 
extraordinary rheological and mechanical properties.  
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Hydrogels exhibiting an elastic modulus G’ of around 0.5-10 kPa were obtained in 
the range of salt concentration (Csalt) between 0.5 and 1.4 M.  Using the Winter – 
Chambon criterion, the critical salt concentration for the onset of gelation was 
calculated as 0.6 M NaCl, which is in accord with the gelation point determined by 
the solubility tests.  Stress relaxation experiments showed that the hydrogels formed 
at Csalt  =  0.7 M are mechanically stable up to about 120% deformation ratios.  The 
hydrogels formed at Csalt ≥ 0.6 M were insoluble in water indicating that the 
hydrophobic associations are too strong to be destroyed in water during the 
expansion of the gel network.  The gel fraction that is, the amount of physically 
crosslinked polymer obtained from one gram of the monomer was found to be 0.95  
0.01, independent on the salt concentration.   
One of the most significant results is the high degree of toughness of the present 
hydrogels as determined by tensile mechanical properties.  Tensile strength and the 
elongation ratio at break for the hydrophobically hydrogels strongly dependent on the 
concentration Csalt of NaCl at the gel preparation.  In the range of Csalt between 0.5 
and 1.4 M, hydrogels exhibited tensile strengths between 1.2–27 kPa and elongation 
ratios at break between 1700–850%.  Thus, hydrogels with extraordinary mechanical 
properties were prepared via hydrophobic interactions instead of chemical crosslinks. 
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TOK HĠDROJELLERĠN SENTEZĠ VE KARAKTERĠZASYONU: TUZ 
ETKĠSĠ ĠLE AKRĠLAMĠD VE DOKOSĠL AKRĠLATIN MĠSELLER 
KOPOLĠMERĠZASYONU 
ÖZET 
Hidrojeller su içerisinde yüksek oradan ĢiĢebilen çapraz bağlı hidrofilik 
polimerlerdir.  Hidrojeller gibi yumuĢak malzemeler gıda, farmasotik, tarım, 
kimyasal proses ve elektroniği içeren sayısız uygulama alanlarına sahip olmaları 
nedeniyle daha fazla ilgi çekmektedir.  Hidrojeller  su içerisinde yüksek oranda 
ĢiĢebilen polimerler olmakla beraber oldukça kırılgan malzemeler olmaları uygulama 
alanlarını kısıtlamaktadır.  Hidrojeller, ağ yapılarında etkin bir enerji dağılım 
mekanizmasına sahip olmadıklarından kırılmaya karĢı fazla direnç 
gösterememektedirler.  Moleküler seviyede enerji dağılım mekanizması ile jele 
uygulanan kırılma kuvvetini jel boyunca dağıtarak yüksek dayanıklı ve tok jeller elde 
edilebilir.  Son zamanlarda, daha tok jeller elde etmek için yapılan çalıĢmaların 
sonucunda çift ağ yapılı jeller, topolojik jeller, nanokomposit hidrojeller ve 
kriyojeller gibi çeĢitli jeller geliĢtirilmiĢtir.  
Bu çalıĢmada kapsamında poliakrilamid esaslı hidrojeller, sabit kimyasal çapraz 
bağlar yerine hidrofobik asosiyasyonların fiziksel çapraz bağlar gibi davranmasıyla 
sentezlenmiĢtir.  ÇalıĢmanın ana fikri, jel ağ yapısı içerisine hidrofobların hidrofobik 
asosiyasyonları ile oluĢturulan tersinir, hareketli çapraz bağ bölgeleri oluĢturarak jele 
uygulanan kırılma enerjisini homojen bir Ģekilde dağıtmaktı.  Hidrofobik modifiye 
hidrojeller, akrilamid (AAm) ve dokosil akrilatın (C22) sodyum dodesil sulfat (SDS) 
çözeltisinde miseller kopolimerizasyonu ile sentezlenmiĢtir.  Yapılan ön çalıĢmalar, 
SDS misel boyutlarının 22 karbon atomu alkil zinciri uzunluğuna sahip büyük 
hidrofobik komonomer olan C22‟i çözündürebilecek kadar büyük olmadığını ve 
AAm ile miseller kopolymerizasyonunun gerçekleĢmediğini gösterdi.  SDS 
misellerinin içerisine ilave edilen NaCl gibi tuzların, misel boyutunu büyüttüğü ve 
miselleri boru tipi misellere dönüĢtürerek büyük hidrofobik monomerlerin 
çözünürlüğünü arttırdığı görülmüĢtür.  Bu çalıĢmada reaksiyon çözeltilerine NaCl 
ilavesiyle C22‟nin miseller içerisinde tamamen çözündüğü gözlemlenmiĢtir. Bunun 
sonucunda C22‟nin AAm monomeri ile kopolimerizasyonu ve PAAm zincirine 
bloklar halinde takılmıĢ C22‟nin PAAm zincirine bloklar halinde takılması miseller 
kopolimeriazsyon tekniği ile gerçekleĢtirilmiĢtir. C22 bloklarının hidrofobik 
asosiyasyonları polimer zincirinde geçici çapraz bağ noktaları gibi davrandığı ve 
suda çözünmeyen fiziksel jeller olmakla beraber olağanüstü reolojik ve mekanik 
özellikler gösterdiği yapılan ölçümlerle görülmüĢtür. 
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Sentezlenen hidrojellerin kullanılan tuz konsantrasyonuna bağlı olarak 0.5-10 kPa 
arasında elastik modül G’ sergilediği gözlenmiĢtir.  Winter-Chambon kriteri ile 0.6 
M NaCl bulunan jelleĢme baĢlangıç tuz konsantrasyonunun aynı zamanda çözünme 
testleri ile de uyumlu olduğu görülmüĢtür.  Stress-relaksasyon ölçümleri 0.7 M NaCl 
kullanılarak sentezlenen jellerin % 120 deformasyon oranına kadar sağlam bir 
Ģekilde kaldığını göstermiĢtir.  Ctuz ≥ 0.6 M NaCl kullanılarak sentezlenen jellerin ise 
ĢiĢme testleri sırasında geniĢlemesine rağmen suda çözünmeyerek hidrofobik 
asosiyasyonların suda çözünmeyecek kadar kuvvetli olduğunu açıkça göstermiĢtir.  
ġiĢme testleri sonucunda hesaplanan jel kesir değerleri de 0.95  0.01 bulunarak, 
kullanılan monomerlerin tuz konsantrasyonuna bağlı olmadan neredeyse tamamının 
hidrojel yapısına girdiğini göstermektedir.   
Hidrojellerin yüksek tokluk özelliklerini kanıtlayan en önemli sonuçlardan birisi de 
mekanik çekme testlerinden elde edilen verilerdir.  Hidrofobik olarak modifiye 
edilmiĢ hidrojellerim gerilme kuvvetleri ve kopma anındaki çekme oranlarının sentez 
sırasında kullanılan tuz konsantrasyonu ile doğrudan iliĢkili olduğu görülmektedir.  
0.5 ile 1.4 M NaCl konsantrasyonları arasında tuz kullanılarak sentezlenmiĢ 
hidrojellerin gerilme kuvvetlerinin 1.2-27 kPa arasında bunun yanında kopma 
anındaki çekme oranlarının ise % 1700-850 oranlarında değiĢtiği gözlenmiĢtir.  
Böylece hidrofobik etkileĢimlerle elde edilen hidrojellerin mükemmel mekanik 
özellikleri gözlenmiĢ olmakla beraber kimyasal çapraz bağlı hidrojellere göre daha 
avantajlı oldukları yapılan ölçümlerle görülmüĢtür. 
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1.  INTRODUCTION 
Hydrogels are polymer networks swollen in a large amount of water [1].  The ability 
of hydrogels to undergo substantial swelling or collapsing as a function of their 
environments, up to 1000 times in volume, is one of the most notable properties of 
these soft materials [2, 3].  Hydrogels are solids on the macroscopic scale because  
they have definite shapes and do not flow.  Furthermore, they also behave like 
solutions on the molecular scale: water-soluble molecules can diffuse in hydrogels 
with various diffusion constants reflecting the diffusant size and shape. 
Hydrogels have a wide range of application areas such as ion-exchange resins, 
absorbents, superabsorbents, biomimetic materials, chemomechanical actuator, 
optical devices, new type of food and soil modifiers, etc.  Hydrogels are also 
particularly appropriate for biomedical applications as biocatalyst, drug delivery 
systems or molecular sieve for molecular separation, in gel permeation 
choromatography and electrophoresis [4].  Even Mammalian tissues are highly 
aqueous gel materials largely composed of protein and polysaccharide networks, 
containing water up to 90% so that ions and molecules are transported easily while 
keeping its solidity [5].  Hydrogels are typically nontoxic and can be manufactured 
with a variety of different chemistries and with a wide range of elastic modulus. 
Design of hydrogels with a good mechanical performance such as a high degree of 
toughness is crucially important in application areas such as in mechanical or 
biological devices.  However, hydrogels that are highly swollen in a liquid have 
limited applicability due to their poor mechanical properties.  This feature of gels 
originates from their very low resistance to crack propagation due to the lack of an 
efficient energy dissipation mechanism in the gel network [6, 7].  Furthermore, it is 
well known that hydrogels formed by free-radical crosslinking copolymerization 
from monomer solutions are inhomogeneous [8].  This is also considered to be a 
factor decreasing the mechanical strength of hydrogels.  To obtain a hydrogel with 
high degree of toughness, one has to increase the overall viscoelastic dissipation 
along the gel sample by introducing dissipative mechanism at the molecular level.  In 
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recent years, many efforts have been focused on the enhancement of the mechanical 
strength of hydrogels.  As a result, a number of techniques for toughening of gels 
have recently been proposed including double network gels (DN gels) [9], 
topological gels (TP gels) [10], nanocomposite gels (NC gels) [11], macromolecular 
microsphere composite hydrogels (MMC gels) [12] and cryogels [13]. 
Recently, considerable attention has also been focused on hydrophobically modified 
hydrogels.  In such hydrogels, a large number of hydrophobic domains are formed by 
the associations of hydrophobic groups belonging to two or more polymer chains.  
These hydrophobic domains act as physical crosslinking points in the network 
structure of hydrogels.  Thus, three-dimensional network is formed through 
intermolecular hydrophobic interactions.  Experimental results demonstrate that 
hydrogels formed by the hydrophobic associations exhibit a high degree of toughness 
due to the mobility of the junction zones within the gel network, which contributes to 
the dissipation of the crack energy along the hydrogel sample [14].  The 
copolymerization processes involve essentially acrylamide based hydrophilic 
monomers together with a hydrophobic comonomer.  In this case, some difficulties 
in the copolymer synthesis arise due to the insolubility of the hydrophobic monomer 
in water.  To overcome this problem, aqueous surfactant solutions were used to 
ensure the solubilization of the hydrophobic comonomer [15- 17].  Thus, a simple, 
straightforward method for the copolymerization of acrylamide with a water-
insoluble comonomer is the micellar copolymerization technique which was to be 
shown well suited for the preparation of hydrophobically modified polyacrylamides.  
According to this technique, a small amount of hydrophobic comonomer solubilised 
within the micelles is copolymerized with the dissolved hydrophilic monomer in the 
aqueous medium by free radical mechanism [18-25].  The micellar copolymerization 
technique leads to copolymers in which the hydrophobic units are randomly 
distributed as small blocks in the hydrophilic backbone due to the high local 
concentration of the hydrophobe within micelles. 
Previous works of our research group showed that hydrophobically modified 
polyacrylamide (PAAm) hydrogels can easily be prepared via micellar crosslinking 
copolymerization of acrylamide (AAm) monomer and N,N’-
methylenebis(acrylamide) (BAAm) crosslinker in the presence of a hydrophobic 
comonomer with alkyl chains between 4 and 12 such as N-butyl-, N-hexyl-, N-octyl-, 
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or N,N-dihexylacrylamides [14].  The incorporation of hydrophobes with an alkyl 
chain length x > 4 results in an increase in the loss factor tan  of hydrogels due to 
the formation of temporary junction zones inside the gel network.  Also, temporary 
associations of hydrophobic blocks within the hydrogel network lead to the 
formation of tough hydrogels withstanding high levels of deformation.  Tensile 
mechanical tests showed that increasing the alkyl chain length also increases the 
elongation ratio at break up to about 300%.  
However, larger hydrophobes such as dococyl acrylate (C22) cannot be 
copolymerized with AAm by the micellar polymerization using sodium dodecyl 
sulphate (SDS) as the surfactant.  Thus, the micellar copolymerization of AAm is 
limited with hydrophobic monomers having alkyl chains length between 4 and 12 
carbon atoms.  This is due to the very low water solubility of the hydrophobes with 
longer alkyl chains, which restricts their transport through the continuous aqueous 
phase into the spherical SDS micelles.  
It is well established that the counterions in ionic surfactant solutions have a strong 
influence on the size and shape of the micelles as well as on the critical micelle 
concentration (CMC) and the aggregation number [13–15].   It was shown that the 
micelles change their size and shape with the addition of electrolytes such as 
inorganic salts.  The increase in the size of micelles as the ionic strength of the 
medium increases is due to the decrease of the effective repulsive interactions 
between head groups of the surfactant molecules [26].  Hence, with the addition of 
salts, ionic micelles undergo unidimensional growth to form rod-like or worm-like 
micelles [27].  Consequently, one may expect that the addition of salt into SDS 
solution will result in the formation of rod-like micelles and thus, solubilization of 
large hydrophobes such as dococyl acrylate (C22) within the grown micelles.  This is 
the starting idea of the present work. The main goal of this study is to achieve the 
copolymerization of the hydrophilic monomer AAm with C22 as hydrophobic 
monomer in a micellar solution of sodium dodecyl sulfate (SDS) in the presence of 
NaCl.  Hence, copolymerization of acrylamide with C22 in a micellar solution was 
investigated at various NaCl concentrations and the mechanical properties of the 
resulting hydrogels were determined. 
 
4 
 
The hydrophobic comonomer C22 was prepared by the reaction of 1-docosanol with 
acryloyl chloride in THF in the presence of triethylamine as a catalyst.  In our 
experiments C22 content of the comonomer mixture was set to 2 mol %.  SDS 
concentration was also fixed at 7 w/v %.  It should be note that no external 
crosslinker was used throughout this study.  The amount of NaCl was varied between 
0 and 1.4 M throughout this study.  The properties of the hydrogels formed by the 
copolymerization of acrylamide and C22 were  investigated by rheological 
measurements including frequency-sweep and strain-sweep tests as well as stress-
relaxation experiments.  In order to illustrate the outstanding mechanical and elastic 
properties of the hydrogel samples, they were also subjected to compression and 
tensile mechanical tests.  Additionally, gel fraction measurements as well as swelling 
tests were carried out. 
As will be seen below, addition of NaCl into the reaction solution provides 
solubilization of C22 in the grown SDS micelles and thus, provides the occurrence of 
the copolymerization reactions between acrylamide and C22.  Hydrogels were 
obtained without using a chemical crosslinker due to the intermolecular interactions 
of hydrophobic moieties of C22 blocks acting as physical crosslinks.  After passing a 
critical salt concentration, hydrogels with a loss factor around 0.1 and with an elastic 
modulus G’ of 1 to 10 kPa were obtained.  Both stress-relaxation measurements and 
mechanical tests show that the temporary junction zones inside the gel network are 
too strong so that they hardly dissociate at strains below 120 %.  This high degree of 
toughness of the present hydrogels originates from the existence of reversible 
breakable crosslinks inside the gel network which dissipates the crack energy along 
the gel sample.  Gel fraction measurements support the high physical crosslinking 
efficiency of the hydrophobic associations between the blocks of C22 in the gel 
network.  All these results demonstrate that the hydrogels prepared using C22 blocks 
exhibit a high degree of toughness and extraordinary mechanical properties due to 
the strong hydrophobic interactions. 
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2.  HYDROGELS 
A polymer gel is a two-component system consisting of a polymer network and a 
solvent as a swelling agent [28-30].  The liquid prevents the polymer network from 
collapsing into a compact mass, whereas the network prevents the liquid from 
flowing away.  A very common solvent used to swell polymer networks is water, and 
in this case the word “hydrogel” is often used.  Hydrogels are water swollen 
hydrophilic polymer networks that are characterized by the presence of cross-links, 
entanglements, and, in some cases, the coexistence of crystalline and amorphous 
regions [31-33].  Swelling is another characteristic of hydrogels because they can 
absorb aqueous media up to about thousand times their dry weight without dissolving 
or losing their structural integrity (Figure 2.1) [20, 34-36].  The amount of water 
absorbed is central for many application areas of hydrogels including soft contact 
lenses and disposable diapers.  Swelling properties of a polymer hydrogel are 
dependent upon the crosslink density and the ionic group content as well as on the 
polymer network concentration after the gel preparation [37, 38]. 
 
Figure 2.1: Schematic illustration of hydrogel swelling. 
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During the swelling process, the network chains are forced to attain a more elongated 
conformation.  As a result, like pulling a spring from both ends, a decrease in the 
chain configurational entropy is produced by swelling.  Opposing this, an increase in 
the entropy of mixing of solvent with polymer accompanies the swelling.   At 
swelling equilibrium in the presence of a large amount of solvent, these two opposite 
entropic effects balance each other. Because of high water absorbtion capacity, low 
interface tension and hydrophilic properties, hydrogels are not only subject of 
investigations of researchers interested in fundamental aspects of polymer networks, 
but also, such soft materials have found widespread application in various 
technological areas, e.g.  as materials for contact lenses and protein separation, 
matrices for cell-encapsulation and devices for the controlled release of drugs and 
proteins.  Hydrogels have also been widely used in biological applications because of 
their compatibility with the human body and also, because hydrogels resemble 
natural living tissue more than any other class of synthetic biomaterials.  This is due 
to their high water content and soft consistency that is similar to natural tissue [39]. 
The properties of hydrogels are strongly dependent on how the polymer chains are 
organized and crosslinked.  Chemically crosslinked hydrogels are formed by the 
chemical (covalent) bonds between polymer strands whereas physical hydrogels are 
formed by physical (noncovalent) bonds.  Hence, depending on the nature of 
crosslinks, polymer gels can be classified as either chemical or physical gels.  
Schematic representation of chemically and physically crosslinked networks and the 
crosslinking techniques to design hydrogels are shown in Figure 2.2 [41].   
Chemical crosslinking is a highly versatile method to create hydrogels with good 
mechanical stability.  However, the crosslinking agents used are often toxic 
compounds, which have been extracted from the gels before they can be applied.  
Moreover, crosslinking agents can give undesirable reactions with the bioactive 
substances present in the hydrogel matrix.  In addition, as the crosslinking points are 
distributed irregularly and the polymer chains between the crosslinking points have 
different lengths, the stress cannot be evenly distributed between the polymer chains 
so that the crack easily propagates within the chemically crosslinked hydrogels.  As a 
consequence, chemical hydrogels are generally brittle materials which limits their 
stress-bearing applications.  Such adverse effects can be avoided by use of physically 
crosslinked hydrogels.  The networks in physical gels are formed through 
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intermolecular non-covalent interactions acting as mobile physical crosslink zones in 
the hydrogel network.   
 
 
Figure 2.2: Recent crosslinking methods to design hydrogels [41] and schematic 
representation of chemically and physically crosslinked networks. 
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An important property of hydrogels, which to a large extent determine their 
performances, is the degree of toughness.  The toughness of hydrogels is related to 
the extent of viscoelastic dissipation of energy along the hydrogel samples.  Most 
polymeric hydrogels that are highly swollen are normally very brittle.  This feature 
mainly originates from their very low resistance to crack propagation due to the lack 
of an efficient energy dissipation mechanism in the gel network [6, 7].  The very low 
resistance to crack propagation can be understood in terms of the classic Lake-
Thomas model of crack propagation in an elastomer [41].  In this model, the energy 
dissipated in crack propagation corresponds to the energy required to stretch all the 
main chain bonds to their dissociation energy in each chain strand (length of chain 
between crosslinks) that must be broken for the crack to propagate.  The strands that 
must be broken are those that cross the crack plane so that they have adjacent 
crosslinks on either side.  This energy gives little resistance to crack propagation [7].  
In order to create energy dissipation mechanisms and thus, to slow crack 
propagation, a number of toughening techniques have recently been proposed.  These 
techniques will be summarized in the following sections. 
2.1   Double Network Gels 
A novel method to obtain hydrogels with extremely high mechanical toughness has 
been proposed by Gong and Osada [9].  The double network (DN) hydrogels, despite 
of containing 60-90% water, exhibit a fracture strength as high as a few to several 
tens of megapascals and show high wear resistance due to their extremely low 
coefficient of friction.  A DN gel is composed by the combination of stiff and brittle 
first network and soft and ductile second network.  The molar ratio of the first to 
second network and their crosslinking densities are the main structural parameters for 
obtaining these hydrogels. 
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Figure 2.3: Schematic representation of a double network gel structure [9]. 
As shown in Figure 2.3, the first network is synthesized by the usual free-radical 
crosslinking copolymerization of a strongly ionic monomer and a crosslinker in a 
dilute aqueous solution containing about 90% water.  After formation, the first 
network is swollen to equilibrium in a solution of a second, typically uncharged, 
monomer containing a very small amount of a crosslinking agent.  The second 
monomer is then polymerized to form a second, very loosely crosslinked network 
within the gel whose total polymer concentration is typically about 10%.   
The toughness values obtained in this final double network can be remarkably high, 
particularly considering how little polymer it actually contains.  The high strength of 
the DN gels is not due to a linear combination of two component networks, like the 
common fiber-reinforced hydrogels, but due to a nonlinear effect of the binary 
structure.  Although both of the two individual networks are mechanically weak, that 
is, the first one is stiff and brittle and the second soft and ductile, their combined DN 
gels are stiff but not brittle, ductile but not soft [9]. 
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2.2   Topological Gels 
In the topological gels, also called “slide-ring gels”, the polymer chains with bulky 
end groups are neither covalently crosslinked nor physically crosslinked but are 
topologically interlocked by figure-of-eight crosslinks (Figure 2.4a).  Therefore, the 
figure-of-eight crosslinks can pass the polymer chains freely to equalize the 
“tension” of the threading polymer chains just like pulleys (Figure 2.4b) [10].  
Hence, nanoscopic heterogeneity in structure and stress can be automatically 
equalized in the gel. 
 
Figure 2.4: a) Schematic diagram of the topological gel.  b) Analogy between pulley 
and a “figure-of-eight crosslink” [10]. 
A typical example is the polyrotaxane gel synthesized by a technique of 
supramolecular chemistry by Okumura and Ito [10]; a polyrotaxane molecule 
consists of a poly (ethylene glycol) (PEG) chain, -cyclodextrin (CD) circles 
threaded on the PEG chain and large end groups trapping the -CD cycles.  
Chemically cross-linking the -CD in an aqueous solution of polyrotaxane results in 
transparent polyrotaxane gels, exhibiting good tensility, low viscosity, and large 
swellability (500 times its original weight) in water. 
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2.3 Nanocomposite Gels 
The nanoscale dispersion of layered silicates or clays in polymer networks is also one 
of the techniques offering significant enhancement in the material properties of 
hydrogels.  Haraguchi et al. prepared hydrogels with improved mechanical properties 
starting from acrylamide (AAm) - based monomers together with Laponite as a 
physical crosslinker, replacing the traditional chemical cross-linkers N,N-
methylenebis (acrylamide) (BAAm) [11, 42-44].  Laponite, a synthetic hectorite 
clay, when suspended in water forms disk-like particles with a thickness of 1 nm, a 
diameter of about 25 nm, and a negative surface charge density stabilizing 
dispersions in water [45, 48].  Formation of crosslinked polymer network using a 
small amount of Laponite indicates that these nanoparticles act as multifunctional 
crosslinkers in the nanocomposite (NC) hydrogels. 
 
Figure 2.5: Structural model for NC gels [11]. 
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A typical combination of chemicals for the preparation of NC gels is N-
isopropylacrylamide (NIPA) monomer for the formation of polymer chains, Laponite 
[Mg5.34Li0.66Si8O20(OH)4]Na0.66 as the clay particles and potassium peroxodisulfate 
(KPS) as the radical initiator.  According to Haraguchi et al, the following two points 
are essential to obtain NC gels with excellent mechanical properties:  
1) the gels must be prepared from mixed solutions of the clay slabs and NIPA 
monomer by radical polymerization of NIPA.  Addition of the clay slabs to 
poly(NIPA) solutions does not produce NC gels.  
2) A radical initiator that can ionically absorb to the clay surface must be used.   
Haraguchi et al.  speculate that under the above polymerization condition, the radical 
reaction occurs on the clay surfaces, leading to strong adsorption of the NIPA chains 
to the clay surface (Figure 2.5) [11].  Investigations on the formation of 
nanocomposite gels were also carried out by Okay et al.  They showed that the gel 
properties depend on the amount of clay and the type of the monomer used in their 
preparation [47-49]. 
 
Figure 2.6: Formation of a knot on a cylindrical NC gel [11]. 
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As shown in Figure 2.6, NC gels are highly stretchable: those prepared at a 
NIPA/water weight ratio of 0.1 and exhibiting elastic moduli of about 10
4
 Pa can be 
elastically stretched up to about 10 times its original length.  An important advantage 
of NC gels is the simplicity of synthesis.  It is also easy to induce new 
microstructures in NC gels by modifying the technique.  For example, adding large 
clay particles (~ 10
0
 µm) together with the nano-scale clay slabs may improve the 
strength of the NC gels, because the large clay particles play a similar role with the 
filler particles in the particle-reinforced composites [50].  Moreover, a strong joint 
may be formed between the NC gel and a substrate by synthesizing the DN gel on 
the substrate coated with the clay.  Consequently, NC gels formed using clay slabs as 
a crosslinker exhibit good mechanical toughness, tensile moduli, and tensile strength 
[11, 42-44].  Furthermore, rheological experiments showed large energy dissipation 
during the deformation of NC gels which seems to be responsible for their 
extraordinary mechanical performances [47]. 
2.4 Cryogels (Low Temperature Gels) 
As is well known, in sea ice, pure hexagonal ice crystals are formed and the various 
impurities, e.g., salts, biological organisms, etc. are expelled from the forming ice 
and entrapped within the liquid channels between the ice crystals [51-53].  This 
natural principle was used by Lozinsky for the preparation of porous gels [14].  As in 
nature, during the freezing of a monomer solution, the monomers expelled from the 
ice concentrate within the channels between the ice crystals, so that the 
polymerization reactions only take place in these unfrozen liquid channels.  After 
polymerization and, after melting of ice, a porous material is produced whose 
microstructure is a negative replica of the ice formed (Figure 2.7) [54-57].   
In these cryogelation systems, although there is no phase separation during the 
course of the network formation, the frozen zones (solvent crystals, e.g., ice or 
benzene crystals) of the reaction system act as template during gelation, which is 
removed from the gel by thawing leading to a porous structure [50].  The main 
characteristic features of the cryotropic gelation processes can be summarized as 
below:  
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Figure 2.7: Schematic presentation of polymerization of apparently-frozen monomer 
solutions and formation of macroporous structure in a continuous 
polymer matrix.  a) monomer solution; b) solvent crystals in blue colour 
and monomer solution in the unfrozen liquid channels; c) crosslinked 
polymer and solvent crystals; d) crosslinked polymer with macropores 
(cryogel) [58]. 
1) The reaction mixture containing gel-forming agents (e.g., monomer or 
polymer solution containing a crosslinker) is frozen at temperatures at least a 
few degrees centigrade below the solvent freezing point.  The frozen system, 
despite looking as a single solid block, remains essentially heterogeneous and 
contains so-called unfrozen liquid microphase (UFLMP) along with the 
crystals of the frozen solvent. 
2) Gel-forming reagents are concentrated in UFLMP, that is, cryoconcentration 
takes place.  As UFLMP presents only a small portion of total initial volume, 
the concentration of gel precursors increases dramatically promoting the gel-
formation.  
3) The crystals of frozen solvent act as a pore-forming agent.  When melted, 
they leave voids, macropores, filled with the solvent.  The surface tension 
between solvent and gel phase rounds the shape of the pores, making pore 
surface smoother. 
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4) When freezing, the solvent crystals grow till they meet the facets of other 
crystals, so after thawing a system of interconnected pores arises inside the 
gel.  The dimensions and shape of the pores depend on many factors; the 
most important are the concentration of precursors and the regimes of 
cryogenic treatment. 
5) The polymer phase of the cryogel has, in turn, micropores formed in between 
the polymer chains.  Thus, cryogels have both heterophase and heteroporous 
structure (Figure 2.7). 
2.5 Macromolecular Microspheres Composite (MMC) Hydrogels 
Wang et al. recently reported a new way of synthesizing hydrogels with a novel, 
well-defined network structure and high mechanical strength [12].  In this method, a 
peroxidized macromolecular microsphere (MMS) acts as both an initiator and a 
crosslinker.  The mechanism for the formation of the peroxidized microsphere, and 
the initiation of polymerization reactions leading to the formation of a hydrogel is 
illustrated in Figure 2.8.  The new hydrogel is a macromolecular microsphere 
composite (MMC) hydrogel. 
 
Figure 2.8: Proposed mechanism for the formation of an MMC hydrogel and an 
MMC hydrogel microstructure [12]. 
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When the MMS emulsion is irradiated with 
60
Co -rays in oxygen, peroxides are 
formed on the surface and possibly, to a certain extent, in the inner part of the MMS.  
The formation of peroxides on the MMS was proven with iodometry, which is the 
common method used to verify their formation and determine the amount formed in 
the polymers.  The peroxides decomposed under heat to form the free radicals PO•, 
OR•, and OH•.  PO• initiating the grafting of monomers onto the MMS while OR• 
and OH• initiated the homopolymerization of monomers or terminated the growing 
polymer chains.  The OR• and OH• might be adsorbed onto the surface of the MMS, 
which has a high specific surface energy, thereby initiating surface grafting.  The 
distance between two vicinal MMSs varied with MMS concentration, but it is usually 
in the hundreds of nanometers.  It is possible for two vicinal MMSs to be joined by a 
grafted chain, either by the mutual termination of two growing grafted chains that 
initiate at the two MMSs or by the termination of a grafted chain from one MMS by 
a radical of a second MMS.  In addition to the chains forming a covalently coupled 
link between MMSs, when the length of the grafted polymer chain reaches half of the 
distance between the MMSs, the grafted polymer chains can become entangled.  
With the subsequent decomposition of peroxides, more and more poly (acrylic acid) 
(PAA) chains are formed and become entangled.  In general, entanglement coupling 
is not likely to cause a significant strength or toughness enhancement within a highly 
swollen gel because the chains are highly mobile and can slip past the entanglements. 
However, PAA chains are known to form inter- and intramolecular hydrogen bonds 
that act as stickers and enhance the dissipation involved in pulling out the 
entanglements [59].  Thus, the solution transforms into a tough solid gel.  Some of 
the grafted PAA chains on neighboring MMSs can be chemically bonded and some 
can entangle each other.  As there are many grafted chains on each MMS, the 
number of chains between two MMSs must be quite large.  Thus, a bundle (or 
bundles) of polymer chains between two MMSs can be formed.  In addition the 
polymer chains can interact strongly through hydrogen bonding, thus forming a very 
strong connection between MMSs.  For these reasons, combined with the lack of 
short active chains, the large high functionality rigid crosslinks, and the 
entanglements with hydrogen bonding, the MMC hydrogels exhibit very high 
mechanical strength. 
17 
 
2.6 Hydrogels Formed by Hydrophobic Associations 
A novel technique developed recently for toughening of hydrogels is the 
incorporation of hydrophobic blocks  within the hydrophilic polymer network chains 
[14, 17, 19, 20, 22, 34, 60- 62].  Associations between the  hydrophobic groups form 
physical crosslinks which create an energy dissipation mechanism due to the 
dynamic nature of the hydrophobic associations, as schematically illustrated in 
Figure 2.9 [14].  Hence the crack energy is dissipated by the reversible 
disengagements of the hydrophobes from the hydrophobic associations so that the 
growth of crack to a macroscopic level can be prevented.   
 
Figure 2.9: Cartoon demonstrating crack of a chemically-crosslinked hydrogel due 
to the localization of the crack energy (A) and, dissipation of the crack 
energy in a hydrophobically modified hydrogel (B) [14]. 
Hydrophobically modified hydrogels mentioned above were first prepared by a 
complicated three step procedure [17]: (1) introduction of double bonds onto a 
poly(acrylic acid) backbone [PAA], (2) hydrophobic modification of the PAA with 
dodecylamine, and (3) cross-linking of double bonds using dithiol.  However, a 
simple, straightforward alternative for the preparation of such hydrogels is the 
micellar copolymerization technique, as will be detailed in the next section.  
Abdurrahmanoglu et al showed that hydrophobically modified hydrogels can easily 
be prepared by the micellar copolymerization of the hydrophilic  monomer 
acrylamide (AAm) and the chemical crosslinker BAAm in the presence of a water-
insoluble hydrophobic comonomer.  In this work, a series of polyacrylamide 
(PAAm) hydrogels were prepared via micellar crosslinking copolymerization of 
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AAm and BAAm in the presence of the hydrophobic comonomers N-butyl-, N-
hexyl-, N-octyl-, or N,N-dihexylacrylamides.  The reactions were carried out in the 
presence of various amounts of the hydrophobic comonomer  between 0 and 10 mol 
%.  Hydrophobic side groups of an alkyl chain length x > 4 resulted in an increase in 
the loss factor tan  of hydrogels after passing a critical amount of the hydrophobe.  
The number of the hydrophobes per hydrophobic block together with the alkyl chain 
length x of the hydrophobic side group were used to tune the loss factor of PAAm 
hydrogels over two orders of magnitude.  Tensile mechanical measurements show 
that increasing x also increases the degree of toughness of PAAm hydrogels.  
Hydrogels exhibiting a high toughness, i.e., about 300 % elongation ratio at break 
were obtained by modification of PAAm backbone with 10 mol % N-
octylacrylamide.  The results also show that temporary associations of hydrophobic 
blocks within the hydrogel network lead to the formation of tough hydrogels 
withstanding high levels of deformations.  Additionally, attachment of hydrophobic 
groups to the network chains reduced the degree of spatial gel inhomogeneities [63-
66] which is undesirable for applications because structural inhomogeneity results in 
a dramatic reduction in the strength of the crosslinked materials [67]. 
2.6.1 Micellar copolymerization  
One major difficulty in the copolymerization of a water soluble monomer such as 
acrylamide with a hydrophobic comonomer in aqueous solutions is the insolubility of 
hydrophobe in water [40, 68].  Therefore, micellar polymerization technique was 
developed by Candau et al to overcome this difficulty [18].   In this technique, a 
hydrophobic comonomer solubilized within the micelles is copolymerized with a 
hydrophilic monomer in aqueous solutions by free-radical mechanism [19, 20].  The 
reaction mixture is optically transparent after dissolution of hydrophobic monomer 
within the micelles, but one should be aware that it is actually a microheterogeneous 
system because micelles behave as microdomains with a high local hydrophobe 
concentration.  This situation contrasts with conventional solution copolymerization 
for which the different comonomers are randomly dispersed within the reaction 
medium („homogeneous‟ polymerization).  It must also be emphasized that such a 
micellar process strongly differs from other polymerizations carried out in the 
presence of a surfactant, i.e.  emulsion or microemulsion processes.  Schematic 
presentation of micellar copolymerization technique is shown in Figure 2.10. 
19 
 
 
Figure 2.10: Schematic representation of the reaction medium for the micellar 
copolymerization: (○) acrylamide; (●), hydrophobic monomer; ~~, 
surfactant; *, initiator. 
The most probable reaction mechanism is the following [19]: (i) the redox initiator 
system initiates the polymerization of acrylamide (AAm) in the aqueous phase; (ii) 
when a growing macroradical head group encounters a monomer-swollen micelle, it 
adds several hydrophobe molecules inside the micelle to form a short hydrophobe 
block; (iii) the radical head group may then leave the micelle and the polymerization 
proceeds with acrylamide until another micelle is encountered to form again a 
hydrophobic block.  These steps are repeated many times because the average 
lifetime of a growing polyacrylamide radical is relatively high.  This is due to a high 
ratio of the rate constants for propagation over termination and to a small chain 
transfer constant in water [63].   
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Because of high local concentration of the hydrophobe within the micelles, the 
hydrophobic monomers are distributed as blocks randomly along the hydrophilic 
polymer backbone.  It was shown that the number of hydrophobes per hydrophobic 
block (NH) and the number of blocks per chain (S) can be estimated from the 
concentration ratio of hydrophobic monomer (HM) to the surfactant (SDS) by: 
 
  CMCSDS
NHM
N
Agg
H

                          (2.1) 
H
HM
N
Nf
S                                                             (2.2) 
where NAgg is the aggregation number of the surfactant, CMC is its critical micelle 
concentration, fHM is the mole fraction of HM in the comonomer feed and N is the 
chain length of polymer [21].   
The micellar copolymerization technique has received attention for more than 30 
years due to the unique rheological characteristics of the resulting hydrophobically 
modified polyacrylamides and their applications in enhanced oil recovery, drilling 
fluids, and in coatings [69-71].  The presence of a few hydrophobic groups in the 
hydrophilic macromolecular chain results in systems with interesting rheological 
characteristics in aqueous solution.  Above a certain polymer concentration, the 
hydrophobic moieties associate and build a transitory three-dimensional network, 
that induces a strong increase in viscosity. This increase in viscosity reflects 
formation of hydrophobic associations, i.e., temporary junction zones inside the 
semidilute polymer solution.  Such materials can also be prepared either by chemical 
modification of a performed hydrophilic polymer or by copolymerization of the 
appropriate monomers.  The former synthesis route has mainly been applied to 
cellulose derivatives and other naturally occurring polymers, as well as to 
poly(oxyethylene) and to poly(acrylic acid).  The second route, i.e., the 
copolymerization processes are essentially concerned with the so-called HASE 
thickeners (Hydrophobically-modified Alkali-Swellable or Alkali-Soluble 
Emulsions) [72-74] and the copolymers based on acrylamide and its derivatives. 
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2.6.2 Limitations of  micellar copolymerization technique and solution of this 
problem 
As mentioned in the previous section, micellar polymerization techniqe involves 
copolymerization of a hydrophobe solubilized within the surfactant micelles with 
acrylamide in aqueous solutions.  However, our preliminary experiments showed that 
large hydrophobes having an alkyl chain longer than 12 carbon atoms such as 
dococyl acrylate (C22) cannot be copolymerized with acrylamide in micellar 
solutions.  This is due to the fact that the size of the spherical micelles is not 
sufficiently large to provide solubilization of large hydrophobes.  Incorporation of 
blocks of large hydrophobes into the polyacrylamide backbone would produce strong 
and long-lived hydrophobic associations leading to hydrogels with good mechanical 
properties. 
It is well established that the counterions in ionic surfactant solutions have a strong 
influence on the size and shape of the micelles as well as on the critical micelle 
concentration (CMC) and the aggregation number [13, 75].   It was shown that the 
micelles change their size and shape with the addition of electrolytes such as 
inorganic salts like sodium halide salts (NaF, NaCl, NaBr, and NaI).  The increase in 
the size of micelles as the ionic strength of the medium increases is due to the 
decrease of the effective repulsive interactions between head groups of the surfactant 
molecules [26].  Hence, with the addition of salts, ionic micelles undergo 
unidimensional growth to form rod-like or worm-like micelles [27].  Schematic 
illustration of the change of the micellar shape by the addition of salt is shown in 
Figure 2.11. 
Sodium dodecyl sulfate (SDS) is the most frequently used anionic surfactant.  For the 
spherical SDS micelles in water, the aggregation number was determined as 60 at 
25
o
C.  By the addition of NaCl, the size and thus, the aggregation number Nagg of the 
micelles increase and Nagg becomes 1600 at 0.6 M NaCl. [76, 77].  It was also 
reported that the growth of micelles by the addition of salts increases their 
solubilization capacity for hydrophobes [78].   
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Figure 2.11: Unaggreated micelles in aqueous solution (1), association of micelles 
above CMC to form spherical micelles (2), and formation of rod-like 
micelles by the addition of salt (3). 
Consequently, one may expect that the addition of salt into SDS solution will result 
in the formation of rod-like micelles and thus, solubilization of large hydrophobes 
such as dococyl acrylate (C22) within the grown micelles.  This is the main starting 
idea of the present work.  Hence, copolymerization of acrylamide with C22 in a 
micellar solution was investigated at various salt concentrations and the mechanical 
properties of the resulting hydrogels were determined. 
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3.  EXPERIMENTAL PART 
3.1 Materials 
Table 3.1: Structures of chemicals used in the hydrogel preparations. 
Acrylamide (AAm) 
 
Dococyl Acrylate (C22) 
Sodium Dodecyl Sulfate (SDS) 
N,N,N’,N’-tetramethylethylenediamine (TEMED) 
 
Ammonium persulfate (APS) 
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The hydrophilic monomer acrylamide (AAm, Merck), the ionic surfactant sodium 
dodecyl sulfate (SDS, Sigma), sodium chloride (NaCl, Merck), the initiator 
ammonium persulfate (APS, Merck), and the catalyst N,N,N’,N’-
tetramethylethylenediamine (TEMED, Fluka) were used as received.  The chemicals 
acryloyl chloride (Merck), 1-docasanol (Aldrich), triethylamine (Merck) and 
tetrahydrofuran (THF, Merck) were used for the synthesis of C22 monomer without  
further purification.  Stock solution of APS was prepared by dissolving 0.80 g APS 
in 10 mL of distilled water. 
3.1.1 Synthesis of hydrophobic monomer (Dococyl Acrylate (C22)) 
The hydrophobic monomer dococyl acrylate (C22) was prepared starting from 
acryloyl chloride and 1-docosanol in the presence of triethylamine as a catalyst 
(Figure 3.1).  The following synthesis procedure was applied throughout this study 
[79]:  A homogeneous THF solution (150 mL) of 1-docosanol (6.0 g) and 
triethylamine (3.85 mL) was added dropwise under nitrogen to a THF solution (20 
mL) of acryloyl chloride (2.33 g) under stirring for several hours at 0 °C and then, 
the solution was stirred at room temperature for 24 h.  Triethylamine hydrochloride 
generated as a result of the reaction was filtered through filter paper and THF was 
evaporated under vacuum.  The solid and waxy material was washed with water and 
methanol and then dried in vacuum for 3 days.  The purity of the product was 
checked by 
1
H-NMR and FTIR-ATR.  The yields of C22 of 4 synthesis batches are 
collected in Table 3.2.  The average yield was 86%. 
Table 3.2: Product yield of each batch obtained from synthesis of C22. 
 Amount of C22 (g) Yield (%) 
Batch 1 5.90 84 
Batch 2 6.05 87 
Batch 3 5.98 86 
Batch 4 6.16 88 
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Figure 3.1: The reaction mechanism of transformation 1-docosanol into dococyl                 
acrylate (C22) with acryloyl chloride in the presence of triethylamine 
as a catalyst. 
 
Figure 3.2: The images of the reaction steps during the synthesis of dococyl acrylate 
(C22). 
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3.2 Hydrogel Preparation 
The hydrogels were prepared by free-radical micellar copolymerization of AAm and 
C22 in aqueous SDS solutions at 25
o
C.  In this copolymerization procedure, the 
hydrophobic monomer (C22) is solubilized within the surfactant micelles, whereas 
AAm is dissolved in the aqueous medium.  The reactions were initiated using APS-
TEMED redox initiator system.  Following parameters were fixed while the 
concentration of NaCl in the reaction solution was varied: 
Total monomer (AAm + C22) concentration  :  5 w/v % 
Hydrophobe content of the monomer mixture :  2 mol %  
SDS concentration     :  7 w/v %  
Initiator (APS) concentration    :  3.5 mM 
Accelerator (TEMED) concentration  :  0.25 v/v % 
To illustrate the synthetic procedure in reaction vials, details are given for the 
preparation of hydrogels at a NaCl concenteration (Csalt) of 0.7 M:  SDS (0.7 g) was 
dissolved in 9.9 mL 0.7 M NaCl at 35
o
C to obtain a transparent solution.  Then, C22 
(0.0493 g) was dissolved in this SDS-NaCl solution under stirring for 1 night at 
35
o
C.  After addition and dissolving acrylamide (0.4507 g) for 30 min, TEMED (25 
L) was added into the solution.  Then, 0.1 mL of APS stock solution was added to 
initiate the reactions in a total volume of 10 mL.   
For the rheological experiments, portion of this solution was transferred between the 
plates of the rheometer.  For the gel fraction and mechanical measurements, 
remaining part of the solution was transferred into several plastic syringes of 4 mm 
internal diameters and the polymerization was conducted for one day at 25
o
C. 
3.3 Rheological Experiments 
Gelation reactions were carried out within the rheometer (Gemini 150 Rheometer 
system, Bohlin Instruments) equipped with a cone-plate geometry with a cone angle 
of 4
o
 and diameter of 40 mm.  During all rheological measurements, a solvent trap 
was used to minimize the evaporation and the temperature was kept constant at 25
o
C 
for all experiments.  For gelation tests, a frequency of =1 Hz and a deformation 
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amplitude  = 0.01 (1%) were selected to ensure that oscillatory deformation is 
within linear regime.  The reactions were monitored in the rheometer up to a reaction 
time of about 3h to avoid the effect of the solvent evaporation.  The storage modulus 
(or elasticity modulus) G’ and the loss modulus (or viscosity modulus) G’’ are 
recorded as a function of the reaction time.  Note that G’ is a measure of the gel 
elastic behaviour associated with energy storage, while  G’’ is a measure of the gel 
viscous behaviour associated with energy dissipation [80].  After 3 h of reaction 
time, frequency-sweep tests at a strain amplitude = 0.01 were carried out with 
increasing frequencies ranging from 0.01 to 50 Hz. Subsequently, strain amplitude 
sweep tests (in both up and down directions) were carried out for strain amplitudes 
ranging from 0.1% to 100%. 
The gels formed within the rheometer were also subjected to stress-relaxation 
experiments at 25
o
C.  An abrupt shear deformation of controlled strain amplitude  
was applied to the gel samples and the resulting stress twas monitored as a 
function of time.  The time t after application of step deformation represents a time 
scale that describes the motion of the polymer strands in the network and is 
equivalent to the inverse of the frequency in an oscillatory test [81].  Here, we 
report the relaxation modulus G (t, ) as functions of the relaxation time t and strain 
amplitude .  The experiments were conducted with increasing strain amplitudes 
from 0.01 to 100.  For each gel, stress-relaxation experiments at various  were 
conducted starting from a value of the relaxation modulus deviating less than 10 % 
from the modulus measured at  = 0.01. 
3.4 Swelling Measurements and Gel Fractions 
After polymerization in syringes, hydrogel samples in the rods of 4.50 mm in 
diameter were cut into samples of around 20 mm.  Then, each sample was  immersed 
in a large excess of water for more than 1 month by replacing water every day to 
extract any soluble polymers, SDS, NaCl, unreacted monomers and the initiator.  The 
mass m of the gel samples were monitored as a function of the swelling time.  Then, 
the equilibrium swollen gel samples were taken out of water and freeze dried at -
40
o
C and 0.12 mbar.  The gel fraction Wg, that is, the amount of physically 
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crosslinked (insoluble) polymer obtained from one gram of the monomer (C22 + 
AAm) was calculated as: 
100/Po
dry
g
cm
m
W                                                                                                (3.1)               
where mdry and mo are the weights of the gel samples after drying and just after 
preparation, respectively, and Cp is the initial monomer concentration (5 %). 
3.5 Compression and Tensile Mechanical Measurements 
The compression and tensile mechanical tests were performed on cylindrical gel 
samples of 3 mm in diameter on an universal test machine (Zwick Roell, 10N) at 
25
o
C.  The compression tests were performed on equilibrium swollen hydrogel 
samples up to about 20 % deformation ratios.  The experiments were performed at a 
constant crosshead speed of 300 µm/min and using a load cell of 10 N.  After 
adjusting the experimental parameters, each compressive experiment was carried out 
in less than 1 min to avoid loss of water during the measurement.  Five samples for 
each gel sample were used.  The measurements of tensile mechanical properties were 
performed on cylindrical hydrogel samples just after preparation of the same size 
(4mm diameter x 20 mm length) using the same test machine at 25
o
C.  The sample 
length between jaws was 20 mm and the tensile experiment was carried out at 
crosshead speed of 50 mm / min.  Initial cross-sectional area (12.57 mm
2
) was used 
for calculating tensile strength and percentage elongation at break.  For 
reproducibility, at least six samples were measured for each gel and the results were 
averaged.  Standard deviations in the average values of the tensile strength and the 
elongation ratio at break for each gel were less than 15%. 
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4.  RESULTS AND DISCUSSION 
As mentioned in the previous sections, large hydrophobes such as dococyl acrylate 
(C22) having an alkyl chain length of 22 carbons cannot be solubilized in aqueous 
solutions of surfactants.  This is due to the very low water solubility of the 
hydrophobes with long alkyl chains, which restricts their transport through the 
continuous aqueous phase into the micelles [82].  As a consequence, micellar 
copolymerization of acrylamide (AAm) with C22 cannot be conducted.   
The main purpose of this study was to achieve the copolymerization of the 
hydrophilic monomer AAm with C22 in a micellar solution of sodium dodecyl 
sulfate (SDS) in the presence of additives.  In our experiments, C22 content of the 
comonomer mixture was set to 2 mol %.  SDS concentration was also fixed at 7 w/v 
% throughout this study.  It was found that the addition of NaCl into the micellar 
solution of SDS provides solubilization of C22 in the system and thus, its 
copolymerization with AAm to form hydrophobically modified polyacrylamide 
(PAAm).  According to literature, the addition of an electrolyte into an ionic 
surfactant solution such as SDS facilitates the transition from spherical to rod-like or 
worm-like micelles by screening the electrostatic repulsions between the charged 
head groups and thus, provides solubilization of hydrophobes within the micelles 
[83-85].  Due to the hydrophobic interactions between the polymer chains, hydrogels 
with extraordinary mechanical properties were obtained under specific conditions.  
In the following, the results of the experiments are discussed in 4 subsections.  In the 
first subsection, the characteristics of the monomer dococyl acrylate (C22) prepared 
in this study are presented as obtained from its proton nuclear magnetic resonance 
(
1
H-NMR) and Fourier transform infrared attenuated total reflection (FTIR-ATR) 
spectra.  In the second subsection, the results of the rheological investigations on the 
micellar copolymerization of acrylamide with C22 are discussed.  The reaction 
systems formed above a critical salt concentration were insoluble in water and they 
showed characteristic swelling behaviour, which will be discussed in the third 
section.  In the fourth subsection of this study, the results of the tensile mechanical 
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measurements are discussed and the high degree of toughness of the hydrogels 
formed by hydrophobic associations is demonstrated. 
4.1 Characterization of the Synthesized Hydrophobic Monomer (C22) 
The hydrophobic comonomer C22 was prepared by the reaction of 1-docosanol with 
acryloyl chloride in THF in the presence of triethylamine as a catalyst, as detailed in 
the experimental part.  The molecular structure of C22 was characterized by 
1
H-
NMR and FTIR-ATR spectroscopy. 
 
Figure 4.1: FTIR-ATR spectrum of synthesized C22 in the range of 500-4000 cm
-1
. 
Figure 4.1 shows FTIR-ATR spectrum in the range of 500-4000 cm
-1
 for the 
hydrophobic comonomer C22 at room temperature.  According to the spectrum, the 
sharpest and most reliable peak is that corresponding to the HC=CH2 in plane 
bending at 1408 cm
-1
.  Peaks at 1725 cm
-1
 and 1635 cm
-1
 are assigned to C=O and 
C=C vibrations of unsaturated ester, respectively.  Absorptions in the ester vibration 
region (1300–1000 cm-1) are known to be characteristic vibrational peaks of acrylate 
and the peaks at 2848-2956 cm
-1
 (C-H stretching) and 723 cm
-1
 (CH2r) originated 
from the long alkyl chain.  
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Figure 4.2: 
1
H-NMR spectrum of C22 and respective hydrogen resonances (250 
MHz, 25
o
C, in CDCl3). 
Analysis of the NMR spectrum of C22 further provided information regarding the 
number and type of chemical entities in the molecule.  Figure 4.2 shows molecular 
structure and 
1
H-NMR spectrum of C22 recorded at 250 MHz in deuterated 
chloroform (CDCl3) as solvent at 25
o
C.  Tetramethylsilane (TMS) was used as 
standard for the calibration of the chemical shifts ( = 0 ppm).  Chemical shifts are 
given as  (ppm), and the coupling constants (J) are reported as Hz.  Terminal methyl 
of C22 signal is observed at  0.85 (3H, triplet, J = 7 Hz, 25CH3).  Methylene 
groups of the alkyl chain are collected in a broadened peak at  1.2-1.4 (38H, 
multiplet,  
6-24
CH2).  The signals at  = 1.5 and  4.2 correspond to two methylene 
groups; (2H, multiplet, 
5
CH2) and (2H, triplet, 
4
CH2) respectively, shifted to down 
field due to deshielding by the ester group.  The position of acrylate hydrogens are 
determined by measuring the J values.  
2
H and 
3
H are in trans position as it could be 
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seen at dd, J2-3 =18 Hz) and dd, J3-2 =18 Hz) respectively.  
1
H is observed at dd, J1-2 = 3 Hz) as 
2H‟s geminal hydrogen.  The 
coupling constant J1-2 = 3 Hz indicated that 
1
H and 
2
H are in cis position to each 
other.  
1
H-NMR spectrum confirms the structure of C22, in accord with the results 
obtained from its FTIR-ATR spectrum.  
4.2 Rheological Investigation of the Micellar Copolymerization of Acrylamide 
(AAm) and Dococyl Acrylate (C22) 
The micellar copolymerization of AAm with 2 mol % C22 was conducted using APS 
- TEMED redox initiator system at 25
o
C.  The reactions were first carried out 
between the parallel plates of the rheometer.  The elastic modulus G’ and the viscous 
modulus G’’ of the reaction solutions were monitored as a function of the reaction 
time.  Note that the elastic modulus G’ is a measure of the gel elastic behaviour 
associated with energy storage, while the viscous modulus (or loss modulus) G’’ is a 
measure of the gel viscous behaviour associated with energy dissipation [80].   
It was found that both G’ and G’’ versus reaction time profiles of the micellar 
copolymerization of AAm and C22 were similar to that of the reaction system in the 
absence of C22.  This indicates that the hydrophobe C22 does not incorporate into 
the polymer structure due to its insolubility in the SDS solution.  However, addition 
of salt (NaCl) into the reaction solution drastically changed the reaction profiles.  
Figure 4.3 shows G’ (filled symbols) and G’’ (open symbols) of the reaction 
solutions plotted as a function of the reaction time during the micellar 
copolymerization of C22 and AAm in the absence and in the presence of NaCl (0.7 
M).  In the absence of NaCl, the reaction profile is similar to the micellar 
polymerization of AAm alone; both G’ and G’’ remain at low levels (< 1 Pa) and the 
reaction system exhibits a liquid-like behaviour, i.e, G’’ is larger than G’.  In the 
presence of salt, however, a completely different behaviour was observed.  Both 
moduli rapidly increase with time and they attain plateau values after about 1 h.  
Moreover, G’ increases much faster than G’’ with time and they become equal after 
25 min, indicating the occurrence of a sol-to-gel transition in the reaction system at 
this time.   If the plateau values of the moduli are analyzed, it is seen that the both G’ 
and G’’ are significantly higher than the moduli of the reaction solution in the 
absence of salt.  The results thus show that the addition of NaCl strongly affects the 
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reaction profile.  Formation of a gel is due to the intermolecular interactions of 
hydrophobic moieties of C22 blocks acting as physical crosslinks.  As a 
consequence, addition of salt provides solubilization of C22 in SDS micelles and its 
copolymerization with acrylamide.  
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Figure 4.3: Elastic modulus G’ (filled symbols) and viscous modulus G’’ (open 
symbols) shown as a function of reaction time during the micellar 
copolymerization of C22 and AAm.  C22 = 2 mol %.  SDS = 7 w/v.  
Csalt  = 0.0 (, ) and 0.7 M (, ).   = 1 Hz,  = 0.01. 
The copolymerization reactions of AAm with 2 mol % C22 were carried out at 
various NaCl concentrations Csalt.  Figure 4.4 shows the images of the reaction 
systems in glass vials after one day of reaction time at various Csalt indicated.  Due to 
the insolubility of the hydrophobic comonomer C22 in the SDS solution, undissolved 
C22 particles resulted in the formation of turbid polymer solution at Csalt  < 0.5 M.   
Gel formation was observed at or above 0.5 M NaCl indicating solubilization of C22 
in SDS micelles and its incorporation into the polymer structure.  As Csalt is further 
increased from 0.5 M up to 1.0 M, turbidity decreased indicating increasing degree 
of solubilization of C22 in the reaction solution.  At Csalt  > 1.0 M, although the 
initial reaction solutions were transparent, opaque gels were obtained after the 
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polymerization suggesting that a phase separation occurs during the course of the 
reactions due to the aggregation of micelles [74].  
 
Figure 4.4: Images of reaction vials after one day of reaction time with NaCl    
concentrations  Csalt  between 0.1 M and 1.3 M. C22 = 2 mol %.  SDS = 
7 %  w/v. 
The occurrence of the micellar copolymerization of AAm with C22 in the presence 
of NaCl can be explained with the growth of SDS micelles.  It is well-known that the 
addition of electrolyte into aqueous ionic surfactant solutions weakens electrostatic 
interaction and causes micellar growth [26].  The micellar structure changes from 
sphere to rod and then, to large cylindrical aggregates or flexible worm-like micelles.  
The worm-like micelles are similar to polymers in that they are quite flexible, while 
they differ from classical polymers in that they are constantly breaking and forming 
[86].  The salt-induced sphere-to-rod growth in the SDS micelles occurs by the 
addition of inorganic or organic salts [77, 87-91].  Spherical SDS micelles of radius 
2.5 nm significantly increases at NaCl concentrations above 0.45 M [84].  For 
example, the micelle aggregation number increases from about 80 in 0.15 M NaCl to 
about 1000 in 0.60 M NaCl at 25
o
C [75].   The size and the shape of SDS micelles in 
water and in aqueous salt solutions have been the subject of numerous studies.  For 
the spherical SDS micelles in water, the aggregation number is around 60 at 25
o
C; 
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the corresponding micellar radius is ~2.5 nm.  As NaCl is added, the growth of the 
micelles is initially slow but then rapid above Csalt  = 0.4 M.   For 0.9 % SDS in 0.8 
M NaCl, the aggregation number  was reported as 980, while for 2 % SDS in 0.6 M 
NaCl, it was 1600 [75].  It was also reported that the growth of micelles by the 
addition of salts increases their solubilization capacity.  Thus, the large hydrophobe 
C22 which is not soluble in 7 w/v % SDS solution could be solubilized by the 
addition of NaCl so that the solubilized C22 participate into the micellar 
copolymerization reaction to produce hydrogels through hydrophobic interactions.   
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Figure 4.5: Elastic modulus G’ (left) and viscous modulus G’’ (right) shown as a 
function of reaction time during the micellar copolymerization of C22 
and AAm at various Csalt.   C22 = 2 mol %.  SDS = 7 w/v.   Csalt = 0.0 
(), 0.1 (), 0.2 (), 0.3 (), 0.4 (), 0.5 (), 0.8 (), 1.0 (), 1.2 
() 1.3 () and 1.4 M().   = 1 Hz, 
 
= 0.01. 
The micellar copolymerization reactions of AAm and C22 at various NaCl 
concentrations were also monitored by rheometry using oscillatory deformation tests.  
In Figure 4.5, G’ (left) and G’’ (right), both in logarithmic scales, are plotted as a 
function of the reaction time for various salt concentrations Csalt.  It is seen that the 
increase in the elastic modulus G’ and viscous modulus G’’ is strongly affected by 
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the NaCl concentration.  A considerable increase of G’ and G’’ with increasing salt 
concentration reflects increasing degree of solubilization of C22 in the reaction 
solutions and thus, formation of stronger associations by the interactions between the 
hydrophobic groups.   At Csalt  = 0.6 M, G’ and G’’ overlapped around 0.6 kPa.  
Since the overlap of the dynamic moduli may be regarded as the onset of gelation, 
the critical salt concentration for gel formation in the micellar copolymerization of 
AAm with 2 mol % C22 is 0.6 M.  Furthermore, the crossover time between G’ and 
G’’, in other words “gelation time”, is clearly shifted toward lower reaction times as 
Csalt is increased.  This indicates that the increase of Csalt renders the material more 
solidlike and tough.   
Moreover, Figure 4.5 also reveals that at Csalt   ≥ 1.1 M, the reaction system shows a 
remarkable second increase in the G’ at longer reaction times.  This additional 
increase in G’ at large salt contents is attributed to the onset of a phase separation in 
the reaction system leading to the formation of separated domains acting as a filler.  
As can also be seen in Figure 4.4, slightly turbid gels become opaque in this range of 
Csalt  supporting this explanation.  Further, elastic modulus G’ of these gels is around 
10 kPa, much larger than those obtained at lower salt contents, while G’’ remained 
significantly below this value (around 0.4 kPa).  The larger elastic modulus of gels 
formed at high salt contents is due to the filler effect of the phase separated particles 
in the system.   
In Figure 4.6, the limiting values of G’ (filled circles), G’’ (open circles) and loss 
factor tan   (squares) are shown as a function of NaCl concentration Csalt.  General 
trend is that both G’ and G’’ significantly increase in the range of Csalt between 0.1 
and 0.5 M.  Then, G’ and G’’ overlapped around 0.5 kPa at Csalt  = 0.6 M NaCl.  
After passing this critical concentration of NaCl for gel formation, the elastic 
modulus G’ further increases and it becomes larger than the viscous modulus.  
Hydrogels formed at higher salt concentration exhibit an elastic modulus of up to 10
4
 
Pa.   
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Figure 4.6: The limiting values of G’ (filled circles), G’’ (open circles) and loss 
factor tan   (squares) shown as a function of the NaCl concentration 
between 0.0 M and 1.4 M.  The horizontal line indicates tan 
gelation point). 
As mentioned above, these large values of G’ at Csalt  > 1.2 M are attributed to the 
filler effect of the separated domains in the hydrogels.  The quantity of loss factor tan 
 (= G’’/G’) represents the ratio of dissipated energy to stored energy during one 
deformation cycle.  According to Figure 4.6, tan   is above unity at Csalt  < 0.6 M, 
which is typical for polymer solutions.  At Csalt  = 0.6 M, tan  is close to unity 
indicating sol-gel transition at this salt concentration.  With a further increase in the 
NaCl concentration, tan  decreases and this decrease is significant above 1M NaCl.  
The micellar copolymerization reaction is assumed to be complete when G‟ and G‟‟ 
reach a plateau value with time, which corresponds to a reaction time of 4 hours 
(Figure 4.5).  After this time, frequency-sweep tests at a strain amplitude = 0.01 
were carried out with increasing frequencies ranging from 0.01 to 50 Hz.  Figure 4.7 
shows the frequency dependence of G’ (filled symbols) and G’’ (open symbols) for 
the reaction systems at various salt concentrations Csalt. 
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Figure 4.7: Elastic moduli G’ (filled symbols) and viscous moduli G’’ (open 
symbols) shown as a function of the frequency  measured after 4h of 
reaction time.  The values of Csalt are indicated.  C22 = 2 mol %.  SDS 
= 7 w/v %.   
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At Csalt  ≤ 0.6, the reaction system exhibits a liquid like response typical for a semi 
dilute polymer solution, i.e., G‟‟ exceeds G‟ at low frequencies (associated with long 
times), while there is a crossover between G‟ and G‟‟ at 1.1Hz.  The crossover point 
shifts to lower frequencies as the concentration of NaCl increased.  This reflects 
decreasing disengagement rate of the hydrophobes from associations leading to 
longer relaxation times.  Above 0.6 M NaCl, the crossover between G’ and G’’ 
cannot be observed because it shifts outside of the experimental window.  At 0.5 - 
0.6 M NaCl, the material shows a critical gel behaviour, with double logarithmic G’ 
and G’’ versus frequency plots being approximately parallel; in the high-frequency 
range, G‟ becomes slightly larger than G‟‟ and it shows a plateau-like behaviour.  
Between 0.5 and 1.2 M NaCl, both G’ and G’’ increase with frequency, however, G’ 
is higher than G’’ particularly in the whole frequency range.  These findings 
demonstrate that the incorporation of hydrophobic blocks into the polymer structure 
facilitates formation of strong hydrophobic associations.  At Csalt  ≥ 1.2 M, both G’ 
and G’’ are independent on the frequency and, G‟ dominates over G’’ by about 1 
order of magnitude, characteristic for a strong gel or a viscoelastic solid.  This is, as 
indicated above, due to the filler effect of phase separated domains. 
In a gelation process, the sol-gel transition point is one of primary importance in 
characterizing the gel formation system.  According to Winter and Chambon 
criterion, frequency independence of tan  provides a convenient method to 
determine the gel point and the critical exponent [92].  However, it has also been 
reported that for some systems the crossover of G’ and G’’ may not be a reliable 
criterion for the determination of the gelation point due to its dependence on testing 
frequency [93, 94].  Winter et al. showed that when the gelation point does not 
correspond to the intersection of G’ and G’’, frequency independence of tan could 
be related to determine gelation point and critical exponent [94-96].  
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Figure 4.8A shows the loss factor tan recorded at six different frequencies plotted 
as a function of Csalt.  According to the Winter – Chambon criteria, the sol – gel 
transition occurs at Csalt  = 0.6 M, as indicated with arrow, where tan measured at 
various frequencies intersects at a single point.  The critical salt concentration (Csalt  
= 0.6 M) thus obtained from Winter – Chambon criterion is in accord with the 
gelation point value determined by the gelation test.  The critical exponents n’ and 
n’’ of G’ - andG’’ -  plots are shown in Figure 4.8B as a function of NaCl 
concentration Csalt.  At Csalt  ≤ 0.4 M, n’ exceeds 1 indicating that the system is still 
in a sol state.  Both n’ and n’’ decrease rapidly with increasing NaCl concentration.  
n’ and n’’ curves intersect at Csalt  = 0.6 M which yields a critical exponent n’ = n’’ = 
0.43.  The critical exponent found is in good agreement with the Kramers- Kronig 
relation for a gel network at the sol-gel transition.  Beyond critical salt concentration, 
both n’ and n’’ decrease faster, however, n’’ becomes large than n’, indicating 
formation of an elastic gel by association of hydrophobic blocks with strong 
hydrophobic interactions. 
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Figure 4.8: (A) tan  at six different frequencies as a function of Csalt for gels 
formed using C22 as the hydrophobe.  = 0.016 (), 0.034 (), 0.085 
(), 0.259 (), 0.57 (), and 1.05 Hz ().  (B) Critical exponents n’ 
(filled symbols), n’’ (open symbols) of G’ and G’’ vs frequency plots, 
respectively, plotted against Csalt. 
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Figure 4.9: Elastic modulus G’ (A) and viscous modulus G’’ (B) shown as a 
function of strain amplitude in the range of 0.1- 100 %.   = 1. Csalt= 
0.3 (), 0.4 (), 0.5 (), 0.6 (), 0.7 (), 0.8 (), 0.9 (), 1.0 (), 
1.1 (), 1.2 (), 1.3 () and 1.4 M ().  C22 = 2 mol %.  SDS = 7 
w/v %. 
After the frequency sweep tests, the reaction systems were subjected to strain sweep 
tests in order to establish the regime of linear viscoelasticity and to determine their 
characteristics in the non-linear elastic regime in terms of the elastic modulus G’ and 
viscous modulus G’’.  The strain amplitude sweep measurements were conducted for 
strain amplitudes ranging from 0.1% to 100%.  Figure 4.9 shows the results of up 
and down strain-sweep experiments conducted on the reaction systems at various 
concentrations of NaCl (Csalt  ≥ 0.3 M). 
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In the range of Csalt between 0.5 and 1.2 M, even at the highest applied strain (100 
%), there were little change in the absolute values of the elastic modulus G’ and 
viscous modulus G’’.  This means that the hydrogels formed in this range of Csalt are 
mechanically stable and exhibit solidlike response, i.e., they deform up to 100% 
strain, but reversibly, if the force is removed, G’ and G’’ of hydrogels turn back to 
initial state.  This behaviour can be attributed to the reversible dissociation of C22 
blocks from associations which resist to be destroyed at 100% deformation.  Figure 
4.9 also reveals that, the reaction systems at  higher NaCl concentrations (Csalt ≥ 1.2 
M) exhibit strain softening behaviour and the elastic modulus G’ of gels decreases 
about 2 order of magnitude at large deformations.  Interestingly, the extent of the 
decrease of the elastic modulus G’ at large strains is almost equal to the additional G’ 
due to the filler effects of the phase separated domains (Figures 4.5 and 4.6).  This 
indicates that the phase separated particles acting as a filler deform at strains above 
10%.   
To investigate the dynamics of hydrophobic associations in the reaction systems, 
stress relaxation measurements were conducted.  The reaction systems were 
subjected to a strain of a fixed amplitude o and the decay of stress in the viscoelastic 
material is monitored as a function of time.  From this type of measurements, the 
stress relaxation modulus G(t) can be determined from the ratio of stress to the 
constant strain. 
Figure 4.10A shows typical relaxation profiles of the reaction system at Csalt  = 0.7 
M, where the relaxation modulus G(t,o) is shown as a function of time scale t for 
various strain amplitudes o.  The relaxation modulus G(t,o) decreases with 
increasing time due to the dissociation of the hydrophobic associations acting as 
physical crosslinks.   It is seen that the hydrophobic associations first relax rapidly up 
to about 1 second and then reach a plateau region at longer times.  Further, the 
decrease of the relaxation modulus with increasing strain amplitude at a given time 
scale indicates strain softening behaviour of the hydrogels.  
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Figure 4.10: (A) The relaxation modulus G(t, ) of the hydrogel at Csalt  = 0.7 M 
shown as a function of time scale for strain amplitudes  = 0.05 (), 
0.5 (), 1 (), 2 (), 5 (), 10 (), 15 () and 20 ().  (B) was 
derived from A for hydrogel at Csalt  = 0.7 M and shows the relaxation 
modulus Gt at given time scale t as a function of .  t = 0.01 (), 0.1 
(), 1 (), and 10s ().  C22 = 2 mol %.  SDS = 7 w/v %. 
In Figure 4.10B, the relaxation moduli Gt at a given time scale t are plotted as a 
function of the strain amplitude o for the reaction system at Csalt  = 0.7 M.  The 
sample is in the linear regime; that is; the modulus Gt is independent of strain for o 
below 120%, before softening at higher strains.  The yield strain c, i.e., the strain at 
which the modulus starts decreasing, seems to be independent on the time scale of 
the experiments.  At higher strain amplitudes o, hydrogel exhibits strain softening 
behaviour.  The results suggest that the hydrogels are mechanically stable up to 
120% deformation ratios.  Thus, the temporary junction zones inside the gel network 
formed by the intermolecular hydrophobic interactions are too strong so that they 
hardly dissociate at strains below 120%. 
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4.3 Gel Fraction and Swelling Measurements 
The stability of the hydrophobic associations inside the gel network created using the 
hydrophobic comonomer (C22) was investigated by conducting gel fraction 
measurements as well as swelling tests in water at room temperature.  For the 
swelling tests, cylindrical gel samples of initial mass m0, were immersed in a large 
excess of water and water was replaced every other day over a period of one month 
to extract any soluble polymers, salt, unreacted monomers and the initiator.  The 
masses m of the gel samples were monitored as a function of swelling time.  It was 
found that, at or below Csalt  = 0.5 M, the gels dissolved completely in water, while at 
larger salt contents, they were insoluble in water. 
 
Figure 4.11: (A) Swelling ratio m/m0 of hydrogels with various amounts of NaCl 
shown as a function of the swelling time.  The values of Csalt are 
indicated.  Swelling temperature = 25  0.5oC.  C22 = 2 mol %.  SDS 
= 7 % w/v.  (B) Equilibrium weight swelling ratios of the gels shown 
as a function of Csalt.  C22 = 2 mol %.  SDS = 7 % w/v. 
Figure 4.11A shows the weight swelling ratio m/m0 of the hydrogels formed at 
various concentration of NaCl plotted against the swelling time.  It is seen that the 
gels after preparation first swell in water to attain a maximum value.  This initial 
swelling period is due to the osmotic pressure of the counterions of SDS, converting 
the gels into polyelectrolyte ones.  However, as the swelling time is increased, that is, 
as SDS moves from the gel to the solution phase, the swelling ratio decreases again 
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until attaining an equilibrium value at long times.  In Figure 4.11B, the equilibrium 
weight swelling ratios of the hydrogels meq are shown as a function of Csalt between 
0.6 and 1.4 M.  It is seen that the equilibrium swelling ratio of the hydrogels slightly 
increases with the increase of NaCl concentration, which may be attributed to the 
presence of unextracted SDS inside the gel network at high salt contents. 
The equilibrium swollen gels were also subjected to the gel fraction measurements.  
For this purpose, swollen gel samples were freeze dried at -40
o
C and 0.12 mbar.  The 
gel fraction Wg, that is, the amount of physically crosslinked (insoluble) polymer 
obtained from one gram of the monomer (C22 + AAm) was calculated as: 
100/Po
dry
g
cm
m
W                                                                                                 (4.1) 
where mdry and mo are the weights of the gel samples after drying and just after 
preparation, respectively.  Between Csalt  = 0.6 and 1.4 M, all the hydrogels prepared 
exhibited a gel fraction Wg = 0.95  0.01, which is independent on the salt 
concentration.  This indicates that the hydrophobic associations are too strong to be 
destroyed in water.  The results also reveal the high physical crosslinking efficiency 
of the hydrophobic associations between the blocks of C22 in the gel network.   
4.4 Mechanical Properties of Hydrogels 
In the previous sections, we showed that polyacrylamide hydrogels could be 
prepared without the use of a chemical crosslinker.  This was achieved by the 
incorporation of C22 blocks into the polymer chains, which create strong 
hydrophobic interactions and thus produce physical gels that are stable in water. 
The results of the stress relaxation tests, as summarized in section 4.2, clearly show 
that the hydrogels formed by hydrophobic associations are stable even at very large 
deformation ratios.  However, these tests were conducted within the rheometer by 
use of small membrane shaped gel samples.   In this section, hydrogels prepared in 
the form of cylinders of 3 mm in diameter were subjected to compression and tensile 
mechanical tests.  The response of the gel samples was computed from the force 
signal measured by a 10N load cell. 
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Figure 4.12: Compressive elastic modulus of swollen state Gswollen hydrogels as a 
function of NaCl concentration Csalt.  C22 = 2 mol %.  SDS = 7 w/v %. 
Figure 4.12 illustrates the relationship between the compressive elastic modulus of 
the hydrogels at their swollen states Gswollen and the salt concentration Csalt  used at 
the gel preparation.  It is seen that the elastic modulus Gswollen decreases continuously 
with increasing concentration of NaCl at the gel preparation.  This decrease in the 
modulus with Csalt  can be better understood by taking into account the dependence 
of the swelling ratio of the hydrogels on salt concentration, as presented in Figure 
4.11B.  Increasing salt concentration at the gel preparation also increases the 
swelling ratio of the resulting hydrogels.  Thus, as the hydrogel becomes more 
swollen, it presents a lower network density and thus becomes softer.  As a 
consequence, the gel formed at a high salt concentration exhibits a lower modulus of 
elasticity as compared to that formed at a low salt content.  Another interesting point 
shown in Figure 4.12 is that the moduli Gswollen of swollen hydrogels formed at large 
salt contents are between 0.5 - 1 kPa, significantly lower than the moduli of gels just 
after their preparation.  This is attributed to the extraction of NaCl in phase separated 
domains acting as a filler in the gel network.  
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In order to illustrate the outstanding mechanical and elastic properties of the 
hydrogels formed at various NaCl concentrations Csalt , they were also subjected to 
tensile mechanical measurements just after their preparation. 
 
Figure 4.13: Effect of various NaCl concentrations Csalt on stress-strain curves of 
hydrogels.  Csalt indicated.  C22 = 2 mol %.  SDS = 7 w/v %. 
Figure 4.13 represents stress-strain curves of hydrogels formed at various NaCl 
concentrations Csalt.  It is seen that the hydrogels are mechanically stable up to very 
large extension ratios.  Further, the mechanically performance of the hydrogels 
dramatically changes at 1 M NaCl, at which a phase separation occurs during the 
micellar copolymerization.  Below 1 M NaCl, elongation ratio at break is 1300 – 
1700%, demonstrating that the hydrogels formed in this range of salt concentration 
are extremely tough.  This high degree of toughness originates from the existence of 
reversible breakable crosslinks inside the gel network which dissipates the crack 
energy along the gel sample.  The elongation at break decreases to 850-1000% above 
1M NaCl due to the existence of phase separated domains in the hydrogels.  As a 
consequence,   the hydrogel exhibits brittle behaviour at high salt contents. 
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5.  CONCLUSION 
In this study, hydrophobically modified hydrogels were prepared via micellar 
copolymerization of acrylamide (AAm) and docosyl acrylate (C22) in an aqueous 
solution of sodium dodecyl sulfate (SDS).  The copolymerization reactions were  
intitiated using APS-TEMED redox initiator system.  Our preliminary experiments 
showed that the hydrophobic comonomer C22 having an alkyl chain of 22 carbon 
atoms cannot be copolymerized with AAm in micellar solutions.  This is due to the 
fact that the size of the spherical SDS micelles is not sufficiently large to provide 
solubilization of this large hydrophobe.   
Since the addition of salt, e.g., NaCl into SDS solutions causes micellar growth and 
leads to the formation of rod-like micelles having a much larger solubilization 
capacity, the copolymerization reactions were conducted in the presence of NaCl of 
various concentrations.  Indeed, addition of NaCl provided solubilization of C22 in 
the reaction solution, its copolymerization with AAm monomer, and thus, 
incorporation of the hydrophobic comonomer in the form of blocks within the PAAm 
chains.  It was found that the hydrophobic associations between C22 blocks in the 
polymer chains acting as temporary crosslinking points lead to the formation of 
water-insoluble physical gels with extraordinary rheological and mechanical 
properties.   
Oscillatory measurements clearly show that the salt concentration is the key 
parameter for the formation of gels with a high degree of toughness.  Hydrogels 
exhibiting an elastic modulus G’ of around 0.5-10 kPa were obtained in the range of 
salt concentration (Csalt) between 0.5 and 1.4 M.  Using the Winter – Chambon 
criterion, the critical salt concentration for the onset of gelation was calculated as 0.6 
M NaCl, which is in accord with the gelation point determined by the solubility tests.  
Moreover, strain sweep tests showed that hydrogels are mechanically stable and 
exhibit solidlike response, i.e., they deform up to 100% strain, but reversibly, if the 
force is removed, hydrogels turn back to their initial states.  Stress relaxation 
experiments showed that the hydrogels formed at Csalt  =  0.7 M are mechanically 
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stable up to about 120% deformation ratios.  The high degree of toughness of the 
present hydrogels is due to the existence of temporary junction zones inside the gel 
network formed due to the intermolecular hydrophobic interactions. 
The hydrogels formed at Csalt ≥ 0.6 M were insoluble in water indicating that the 
hydrophobic associations are too strong to be destroyed in water during the 
expansion of the gel network.  The gel fraction that is, the amount of physically 
crosslinked polymer obtained from one gram of the monomer was found to be 0.95  
0.01, independent on the salt concentration.  Swelling tests show that the swelling 
ratio first increases with time and, after passing a maximum, decreases again until it 
reaches a limiting value.  This specific swelling feature was explained as a result of 
the swelling pressure of SDS counterions.  Due to the osmotic pressure of SDS 
counterions inside the gel network, the gel initially behaves like an ionic gel and thus 
exhibits a large swelling ratio.  However, as SDS is progressively extracted from the 
gel network, the osmotic effect disappears and the gel gradually converts into a 
nonionic gel having a markedly reduced swelling ratio.   
One of the most significant result is the high degree of toughness of the present 
hydrogels as determined by tensile mechanical properties.  Tensile strength and the 
elongation ratio at break for the hydrophobically hydrogels strongly depended on the 
concentration Csalt of NaCl at the gel preparation.  In the range of Csalt between 0.5 
and 1.4 M, hydrogels exhibited tensile strengths between 1.2 – 27 kPa and elongation 
ratios at break between 1700– 850%.  Thus, hydrogels with extraordinary mechanical 
properties were prepared via hydrophobic interactions instead of chemical crosslinks.  
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